Variations in the degree-2 Stokes coefficients C 20 , C 21 and S 21 can be used to understand longand short-term climate forcing. Here we derive changes in these coefficients for the period 2003 January-2012 April using Earth rotation data. Earth rotation data contain contributions from motion terms (the effects of winds and currents) and contributions from the effects of mass redistribution. We remove the effects of tides, atmospheric winds and oceanic currents from our data. We compare two different models of atmospheric and oceanic angular momentum for removing the effects of winds and currents: (1) using products from the National Centers for Environmental Prediction and (2) using data from the European Centre for Medium-range Weather Forecasts (ECMWF). We assess the quality of these motion models by comparing the two resulting sets of degree-2 Stokes coefficients to independent degree-2 estimates from satellite laser ranging (SLR), GRACE and a geophysical loading model. We find a good agreement between the coefficients from Earth rotation and the coefficients from other sources. In general, the agreement is better for the coefficients we obtain by removing winds and currents effects using the ECMWF model. In this case, we find higher correlations with the independent models and smaller scatters in differences. This fact holds in particular for C 20 and C 21 , whereas we cannot observe a significant difference for S 21 . At the annual and semiannual periods, our Earth rotation derived coefficients agree well with the estimates from the other sources, particularly for C 21 and S 21 . The slight discrepancies we obtain for C 20 can probably be explained by errors in the atmospheric models and are most likely the result of an over-/underestimation of the annual and semiannual contributions of atmospheric winds to the length-of-day excitation.
I N T RO D U C T I O N A N D T H E O R E T I C A L B A C KG RO U N D
The rotation of the Earth is not constant. Variations in the Earth orientation parameters (EOP) can be observed on timescales ranging from subdaily to decadal and longer (e.g. Lambeck 1980 Lambeck , 1988 Wahr 1988; Eubanks 1993; Gross 2007) . These variations include changes in the rotation rate, and hence the length-of-day (LOD), as well as in the position of the rotation axis with respect to Earth's crust and mantle [the polar motion (PM) x and y].
The excitation of Earth's variable rotation can be studied by applying the principle of conservation of angular momentum to the Earth system. It has become common practice to use the effective angular momentum functions (EAMF) for this purpose (e.g. Wahr 1982 Wahr , 1983 Barnes et al. 1983; Eubanks 1993; Aoyama & Naito 2000; Dickman 2003; Zhou et al. 2006) . These functions relate changes in angular momentum to EOP excitations. In particular, they can be used to forward model atmospheric and oceanic excitations of PM and LOD from atmospheric and oceanic angular momentum. The EAMF's are usually expressed as follows: χ(t) = χ 1 (t) + iχ 2 (t) = 1.61 h(t) + 1.12 I(t) (C − A) , χ 3 (t) = h z (t) + 0.756
where h(t) = h x (t) + i h y (t) with h k (t) being angular momentum due to motion relative to axis k (k = x, y, z), I(t) = I 13 (t) + i I 23 (t) with I k3 being the perturbation of the element (k, 3) of the Earth's inertia tensor (k = 1, 2, 3), is the mean angular velocity of the Earth, C and A are the two principal inertia moments of the Earth and C m is the principal inertia moment of the Earth's crust and mantle. The factors 1.12 and 0.756 account for the yielding of the solid Earth to surface mass loading. The factor 1.61 includes the effect of core decoupling. Numerical values for these factors are taken from Wahr (1982 Wahr ( , 1983 . We mention that some authors follow slightly different approaches and that the values for these factors differ at the level of about 2 per cent among various studies (see Dickman 2003 Dickman , 2005 , for a discussion).
The EAMF's thus have three components: the two equatorial components (χ 1 , χ 2 ) that are related to PM excitation, and the axial component (χ 3 ) related to LOD excitation. The relation between the equatorial components and PM values as reported by the International Earth Rotation and Reference Systems Service (IERS) reads as follows (e.g. Brzeziński 1992; Gross 1992 Gross , 2007 χ(t) = p(t) + i σ 0 dp(t) dt , where p(t) = p x (t) − i p y (t) with p x (t) and p y (t) being the x and y components of the reported PM and σ 0 is the complex-valued frequency of the Chandler wobble. The relation between the axial component and reported values of change in LOD is simply given by
where LOD(t) denotes the reported variation and 0 is the nominal LOD of 84 600 s. Thus, the LOD excitations are the normalized LOD variations and for the sake of simplicity, we will use the terms LOD excitation and LOD variation interchangeably. Each component of the EAMF's consists of a 'motion term', that depends on the angular momentum due to relative motion, that is, on h k (t), and a 'mass term', that depends on the angular momentum due to mass redistribution and its effect on Earth's inertia tensor, that is, on I k3 (t). From eq. (1) it is clear, how changes in angular momentum due to relative motion and mass redistribution can be used to infer the corresponding EOP excitations. In particular, eq.
(1) can be used to convert the angular momentum due to atmospheric winds/oceanic currents to EOP excitations. The angular momentum due to winds/currents can be computed by integrating the zonal and meridional winds/currents from models throughout the volume of the atmosphere/oceans (e.g. Barnes et al. 1983) .
The Earth's gravitational potential can be expressed as a series of spherical harmonics, with the Stokes coefficients C lm and S lm of degree l and order m (e.g. Lambeck 1988) . Changes in these coefficients arise due to mass redistribution within and on the Earth. The fraction caused by the redistribution of the surface mass (atmosphere, oceans and continental hydrology) can be expressed as follows:
where R and M are the Earth's radius and mass, θ and λ are latitude and longitude, k l is the degree-l load Love number that accounts for the yielding of the solid Earth, σ represents the change in surface density andP lm stands for the (normalized) associated Legendre polynomials of degree l and order m. It can be shown that the excitations of PM and LOD by surface mass variations, χ mass i
, are proportional to changes in the degree-2 Stokes coefficients C 20 , C 21 and S 21 as follows (e.g. Lambeck 1980; Eubanks 1993; Gross et al. 2004a; Chen et al. 2005; Jochmann 2009 ):
The excitations due to surface mass variations can be estimated by subtracting excitations due to relative motion, χ
. Excitations of EOP due to relative motion are predominantly caused by atmospheric winds and oceanic currents, as Dobslaw et al. (2010) have demonstrated that the contribution from continental hydrology is negligible.
Therefore, it is possible to estimate the degree-2 Stokes coefficients from observed EOP excitations, from which the effects of winds and currents have been removed. Previous studies have demonstrated that this approach is successful for determining the low degree variations in the gravity field independent of satellitebased methods, and that the degree-2 estimates from Earth rotation agree well with estimates from other sources, in particular at seasonal timescales (e.g. Chen et al. 2000; Chen & Wilson 2003 Gross et al. 2004a; Bourda 2008) . As shown recently by Cheng et al. (2011) , the agreement at interannual periods is however poorer.
In this analysis, we extend the work of previous studies by computing degree-2 Stokes coefficients for the period 2003 January-2012 April from Earth rotation data where we have removed the effects of winds and currents. Former studies of this kind have almost exclusively used a model from the IERS for removing the motion effects. This model uses atmospheric data from the National Centers for Environmental Prediction (NCEP) re-analysis project and oceanic data from the Estimating the Circulation and Climate of the Ocean (ECCO) model. Here we also use this model plus a second model made available from the GFZ German Research Centre for Geosciences. The GFZ model is derived from operational atmospheric data computed by the European Centre for Medium-range Weather Forecasts (ECMWF) and oceanic data from the Ocean Model for Circulation and Tides (OMCT). We thus obtain two different sets of degree-2 Stokes coefficients from the Earth rotation data. We assess the relative quality of the two motion models by comparing our residuals, the degree-2 Stokes coefficients to independent degree-2 estimates from satellite laser ranging (SLR), GRACE and a consistent geophysical loading model. This will be done statistically, in terms of correlation and rms, as well as with regard to annual and semiannual signals. The comparison at interannual periods is beyond the scope of this paper and needs to be addressed in future work.
This study will confirm that deriving degree-2 estimates from Earth rotation data is a successful approach. It further demonstrates that the GFZ model is similar in quality to the IERS model, and that in certain cases, we observe a higher agreement between the coefficients derived using the GFZ model and the independent estimates, than for the IERS model.
DATA S E T S A N D P RO C E S S I N G

Earth rotation data
Earth orientation parameters
For the Earth rotation data in this study, we use the IERS 08 C04 EOP series (Bizouard & Gambis 2011) . This series is derived from a combination of various space geodetic techniques and spans the time frame from 1962 to the present. We mention that for the time span covered by this study, the PM values of the C04 series are overwhelmingly dominated by results from the International GNSS Service (IGS) using GPS data (Altamimi et al. 2011; Dick & Richter 2013) . This makes the later comparison of our EOP-derived coefficients with estimates from SLR almost totally independent of one another.
Daily observed PM excitations were computed from the C04 series using the IERS online tool (http://hpiers.obspm.fr/eoppc/index.php?index=excitactive&lang=en), with the Chandler period set to 433 d and the Chandler quality factor Q to 179. The online tool automatically removes tidal effects on LOD using standards set out in the IERS 2003 Conventions (McCarthy & Petit 2004) . However, Gross (2009) showed that this model is inadequate, especially in removing the fortnightly tide. We therefore use the LOD observations from the C04 series and remove the effect of tides with the model recommended by the IERS 2010 Conventions (Petit & Luzum 2010). R. Gross has provided a Fortran routine RGZONT2.F through the IERS website to derive this correction (http://tai.bipm.org/iers/convupdt/convupdt_c8.html). This model, which is a combination of the elastic body tide model of Yoder et al. (1981) , the inelastic body tide model of Wahr & Bergen (1986) , and the ocean tide model of Kantha et al. (1998) , has been shown to be effective in removing tidal effects on LOD (Gross 2009 ). Tidal effects on the observed PM excitation are not removed by the IERS online tool. Instead, we use the empirical model of Gross (2008) for this purpose. Fig. 1 shows the time-series of daily EOP excitations (χ 1 , χ 2 and LOD) from 2000 to 2012, after the effects of tides have been removed.
Atmospheric and oceanic excitation models
Atmospheric angular momentum (AAM).
Two series of atmospheric EOP excitations are used in this study. The first is derived from NCEP/NCAR re-analysis products (Kalnay et al. 1996) and was obtained from the IERS Special Bureau for the Atmosphere (SBA; Salstein et al. 1993) . The data set spans the period from 1948 to the present and contains 6-hourly values of AAM driven by changes in atmospheric pressure and atmospheric winds. Here, we only use the angular momentum due to winds computed as described in Zhou et al. (2006) . Zhou et al. (2006) compute AAM by integrating zonal and meridional winds from the Earth's surface to 10 hPa, the top of the atmospheric model. We calculate daily averages of the 6-hourly data by summing five consecutive values with the respective weights of 1/8, 1/4, 1/4, 1/4 and 1/8. The resulting daily values of angular momentum are then converted to EOP excitations due to winds using eq. (1).
The second data set we use is obtained from the GFZ German Research Centre for Geosciences and contains atmospheric EOP excitations due to winds and pressure. Here again, we only use the wind terms. The GFZ AAM are computed by integrating 6-hourly ECMWF operational atmospheric data, given at 25 pressure levels with the model top at 1 hPa (Dobslaw et al. 2010; Dobslaw, personal communication 2013) . The data spans the period from 2001 to present. Daily averages are calculated using the same averaging technique presented in the preceding paragraph for the NCEP data.
In what follows, we refer to these two data sets of atmospheric winds excitations as AAM NCEP and AAM ECMWF .
Oceanic angular momentum (OAM).
As in the case of the atmosphere, two different series of oceanic EOP excitations are used. The first is based on a series of OAM obtained from the IERS Special Bureau for the Oceans (SBO; Gross 2003) . This series contains daily values of OAM due to currents and ocean-bottom pressure (OBP) from 1993 January to 2012 June. The ECCO kf080 ocean model used to compute this series has 46 levels ranging in thickness from 10 m at surface to 400 m at depth and is forced with data from the NCEP/NCAR re-analysis project (see e.g. Gross 2008; Gross et al. 2005 , for more information on this data set and the kf080 model). We only use the angular momentum product due to currents and convert it to equivalent EOP excitations by means of eq. (1).
The second data set contains values of EOP excitations caused by oceanic currents from 2001 to the present at 6-hourly intervals and is obtained from the GFZ Research Centre. It uses the Ocean Model for Circulation and Tides (OMCT; Dobslaw & Thomas 2007) , which has a vertical resolution of 13 layers and is forced with atmospheric data from the ECMWF. Daily values are calculated as described above.
We denote these two data sets of oceanic currents excitations by OAM ECCO and OAM OMCT . 
The effects of upper atmospheric winds on LOD excitation.
As we pointed out in the paragraph describing the AAM data, the top level of the NCEP model is at 10 hPa. As the ECMWF model takes into account winds up to 1 hPa, we expect to observe differences between the AAM NCEP and the AAM ECMWF series due to the effects of winds from above 10 hPa. While the contribution of these upper atmospheric winds to PM excitation might be negligible, it is known that they have a noticeable effect on LOD variations (e.g Rosen & Salstein 1985; Höpfner 2001; Gross et al. 2004b) . Using a wind data set for 1991-2001 from the United Kingdom Meteorological Office (UKMO), Gross et al. (2004b) estimated the seasonal (i.e. annual, semi-and terannual) contributions of the winds from 10 to 0.3 hPa to LOD excitation. We assume that the values from Gross et al. (2004b) Fig. 2 (b) has been low-pass filtered with cut-off frequency 3 cpy. We clearly observe a very high agreement between the two series and it becomes clear that the difference between our two series of LOD excitation is largely due to the fact that the AAM LOD NCEP series does not include effects from winds from above 10 hPa. This is statistically confirmed by calculating the rms of AAM LOD ECMWF -AAM LOD NCEP , which decreases from 0.0528 to 0.0373 after the effects of the upper winds are removed. We mention that in terms of variance, this equals a reduction from 0.0028 to 0.0014, and thus by 50 per cent.
Even if our approach to use estimates of seasonal effects of upper winds based on data spanning 1991-2001 to model these effects for the period 2003-2012 might not be optimal, the above results strongly suggest that the observed differences in the LOD component of the AAM NCEP and the AAM ECMWF models arise to a large extent from the different consideration of the upper atmospheric winds. As these winds are known to have noticeable effect on LOD variation, but are not included in the AAM NCEP model, we suspect the AAM ECMWF model to more realistically represent the contribution of atmospheric winds to LOD excitation. To address this limitation in the AAM NCEP model, we add the upper winds estimates from Gross et al. (2004b) to the LOD component of this model.
Comparison of the two different models.
We form two different models of atmospheric winds + oceanic currents excitations and compare these models for the period 2003 January-2012 April. The first model is obtained by summing the atmospheric excitation based on the NCEP data (i.e. AAM NCEP ), where we have added the estimates of the topmost winds from Gross et al. (2004b) to the LOD component, with the oceanic excitation calculated from the ECCO model (i.e. OAM ECCO ). The second combination is derived by summing the atmospheric excitation from the ECMWF products (i.e. AAM ECMWF ) and the oceanic excitation from the OMCT data (i.e. OAM OMCT ). For the sake of simplicity, we denote these two combined models by MOT We calculate the change in rms of the daily observed EOP excitations before and after removing the different models. The results are given in Table 1 , where we list the rms of the daily observed excitations, the rms of the different models, and the rms of the observed excitations after the different models have been removed. Also shown in Table 1 is the reduction (in per cent) of the initial rms of the observed excitations. The values have been calculated using series containing daily values from 2003 January to 2012 April. Before the calculation, a mean is removed from every series.
We observe that in every case, the AAM ECMWF series is more effective at reducing the rms as compared to the AAM NCEP series. Table 1 suggests that the highest reduction of the initial rms would result from a combination AAM ECMWF + OAM ECCO , since the AAM ECMWF data seems superior to the AAM NCEP data for estimating the effect of winds, and the OAM ECCO series seems superior to the OAM OMCT series for estimating effects of currents. We do not try this however, since the ECCO model is forced with atmospheric data from the NCEP and it would be inconsistent to combine it with atmospheric data from the ECMWF.
Processing
In order to convert observed excitations of PM and LOD into Stokes coefficients, the effects of winds and currents must be accurately removed from the observations. For this purpose, the two different models MOT NCEP ECCO and MOT ECMWF OMCT described above are used. We subtract each of these models from the tidally corrected observed excitations. The resulting series, in particular the LOD series, contain long-period signals (i.e. several years and longer), which are not associated with the redistribution of surface mass, but rather result from coupling between the core and mantle and other long-term geophysical processes (e.g. Hide et al. 1993; Ponsar et al. 2003; Gross et al. 2005) . In particular, it is known that a strong oscillation with a period of about 5.8 yr is present in observed LOD, for which there is no corresponding signal in records of angular momentum (e.g. Abarca del Rio et al. 2000) . This long-period oscillation thus remains in the observational time-series after removing modelled atmospheric and oceanic excitations. While Chen et al. (2005) believe this oscillation is due to errors in modelling atmospheric winds, it was suggested by Abarca del Rio et al. (2000) that core-mantle interaction is the likely cause. This conjecture was strengthened by studies of Mound & Buffett (2003 , who propose that this oscillation arises due to a rotational normal mode associated with gravitational coupling between the mantle and the inner core.
We remove the 5.8-yr oscillation and other long-period signals from our LOD series using a zero phase-shift Butterworth high-pass filter with a cut-off frequency of 1/4 cpy. The same filter is applied to remove long-period signals from the χ 1 and χ 2 series. These signals are much weaker in the χ 1 and χ 2 series than for LOD and they consist mainly of a linear trend. Even though this study concentrates on the period 2003-2012, it is reasonable to use all the available data in this filtering process in order to reduce end effects ). For simplicity, we denote the two series of residual EOP excitations by EOP res NCEP+ECCO and EOP res ECMWF+OMCT , according to the motion models that have been used to remove the effects of winds and currents. By means of eq. (3), these two series of residuals are then converted to daily degree-2 Stokes coefficients. Again, for simplicity, we will often refer to these two sets of degree-2 coefficients as the EOP res NCEP+ECCO -derived and the EOP res ECMWF+OMCT -derived coefficients. For a consistent comparison with the monthly coefficients from GRACE and SLR (see below), we filter our daily coefficients using a low-pass filter with cut-off frequency 6 cpy, in order to remove every signal shorter than 2 months. We then form monthly values using a moving average and interpolate the data to match the temporal resolution of GRACE.
GRACE, SLR and the loading model
Our primary aim is to compare the two different sets of EOP-derived degree-2 Stokes coefficients to independent estimates from different sources. For this purpose, we use data from GRACE, SLR and a consistent geophysical loading model. We will briefly describe these data in the next sections.
GRACE
The best available sets of monthly time variable gravity field solutions derived from GRACE are the sets of the Center for Space Research (CSR; Bettadpur 2012), the Jet Propulsion Laboratory (JPL; Watkins & Yuan 2012 ) and the GFZ (Dahle et al. 2012) , each of them in the latest release 05. For our investigations we choose the CSR solution. The JPL solution implements the IAU 1976/1980 precession-nutation model. In our study, we use the IERS 2010 standards (Petit & Luzum 2010). Although differences might be overcome by transformations and/or might be negligibly small we want to avoid inconsistencies caused by the choice of the reference frame or related transformations. The GFZ solution on the other hand is derived by evaluating residuals to reference observations based on the EIGEN-6C model, which provides besides the static also a time variable part based on a trend, an annual and a semiannual component. These components are derived from GRACE as well as LAGEOS SLR data and thus the data cannot be considered independent of SLR anymore. Therefore, we see the CSR solution due to its independence from SLR data and the consistency with our processing as the best candidate for our investigations here.
SLR
Laser ranging is the only means of obtaining precise and unambiguous range measurements for the various passive geodetic satellites, and this accurate range information allows the determination of even very small gravitational forces acting on them. The SLR time-series were obtained from analysis of five geodetic satellites (Starlette, Ajisai, Stella, LAGEOS-1 and LAGEOS-2) having spherical shapes, which simplifies the modelling of the non-gravitational forces. In addition, except for Ajisai, they have dense metal cores and very low area-to-mass ratios, which further reduces the impact of the non-gravitational force modelling errors. The orbit inclination ranges from 50
• to 109
• , and the altitudes range from 700 to 6000 km. The background gravity models, and models for the solid Earth and ocean pole tide [except for the atmosphere and ocean de-aliasing (AOD)] are consistent with those for the GRACE RL05 products, in particular, without modelling of any rate terms. The LPOD2005 station coordinates were used (Ries 2008) . The 3-d arc was used to fit all satellite orbits. To accommodate residual dynamic modelling errors, 12-hr drag coefficients (C D ; for the satellite at lower altitude: Ajisai, Starlette and Stella) or empirical along-track acceleration parameters (C T ; for LAGEOS-1 and 2) were adjusted as part of the precision orbit determination process. The SLR timeseries we use contains 30-d solutions for C 20 , C 21 and S 21 , that were estimated along with all geopotential coefficients up to degree 5, including the three components of the geocentre offset. For a consistent comparison, we interpolate the values to the epochs of the GRACE solutions.
Geophysical loading model
We form a geophysical loading model, which represents the sum of atmospheric, oceanic and hydrologic mass redistribution. 6-hourly gridded (2.5
• × 2.5 • ) reanalysis atmospheric surface pressure data from NCEP is averaged into daily values and then converted into Stokes coefficients. An inverted barometer (IB) response of the ocean is used in the calculation. The continental water storage model is generated using Noah-Version 1 GLDAS model (Rodell et al. 2004; Rui 2011) . These monthly grids (1.0
• in longitude and latitude) provide estimates of snow water equivalent and soil moisture. For the oceanic part, we use the ECCO OBP product. Specifically, we use the JPL's Kalman filter (kf080) series (Fukumori 2010) . The model assimilates altimetric sea surface heights, expendable bathythermograph (XBT) profiles, and other ocean in situ data. The OBP is a byproduct of the model for the primary product, that is the general circulation of the ocean driven by winds. The OBP is produced daily for the epochs of 0600 and 1800 hr between 78.5
• N latitude to 79.0 • S latitude over the global oceans. Longitudinal spacing is 1
• globally. In latitude, the spacing between the product's northern limit and 20
• of the equator is 1
• . The latitudinal spacing is gradually reduced to 0.3
• within 10
• of the equator. [For a more in-depth discussion of the ECCO products, the reader is referred to Kim et al. (2007).] For each component, the gridded values are converted to degree-2 Stokes coefficients by means of eq. (2), where Love numbers from a PREM Earth model (Han & Wahr 1995) are used. Again, for consistency, the daily estimates from atmospheric and oceanic data are low-pass filtered with cut-off frequency 6 cpy, and monthly values are created by a moving average. We finally interpolate the monthly atmospheric, oceanic and hydrologic data to match the temporal resolution of GRACE, and form the sum of these three components.
R E S U LT S
In this section, we compare the two sets of degree-2 coefficients that we derived from the two different series of EOP excitation residuals described in Section 2.1, with the series from GRACE, SLR and the loading model described in Section 2.2. We concentrate on the time span 2003 January-2012 April, as this is the period where all our data sets overlap. We compare the coefficients in terms of correlation and rms analyses, as well as with regard to annual and semiannual signals. Before the comparison, a mean and a trend is removed from each of the series. Fig. 4 displays the five different series of monthly degree-2 Stokes coefficients for the period 2003 January-2012 April. Visual inspection indicates good agreement between the coefficients from the different sources. In particular, the comparison is excellent for S 21 . We also observe a good overall agreement between the different C 20 and C 21 series, even though it is lower than for S 21 . In every case, both EOP-derived series seem to agree reasonably well with each other and with the other series, although for C 20 , the EOP res NCEP+ECCO -derived series (blue line) seems to exhibit slightly stronger annual variations than the one derived using EOP res ECMWF+OMCT (pink line). It is well-known that on timescales of a few years, changes in LOD (i.e. the component from which C 20 is derived) are predominantly caused by atmospheric winds (e.g. Gross et al. 2004b) . Thus, to get reliable estimates of C 20 from LOD excitations, it is crucial that the effects of atmospheric winds are accurately removed from observed excitations. This mainly explains the observed differences between the two EOP-derived C 20 series, since even very small differences in the two series we used to estimate atmospheric wind excitation are propagated into the final result.
Comparison in terms of correlation and rms analyses
We compare the two EOP-derived degree-2 estimates with the independent estimates from GRACE, SLR and the loading model by calculating the rms of the differences as well as the corresponding correlations. The results are shown in Table 2 . In general, the coefficients we derived from EOP res ECMWF+OMCT are in better agreement with the independent estimates than the coefficients we obtained from EOP res NCEP+ECCO . For C 20 , the EOP res ECMWF+OMCT -derived series agrees better with the coefficients from GRACE and the loading model, whereas the correlation with SLR is marginally higher for the EOP res NCEP+ECCO series. For C 21 , the comparison with GRACE yields a slightly better agreement with the EOP res NCEP+ECCO -derived series, while for SLR and the model, we observe a significantly higher correlation and a lower rms of difference for the EOP res ECMWF+OMCT -derived series. As was already suggested by Fig. 4 , we obtain a very high degree of agreement between each of the considered pairs of S 21 series. There is no significant difference for the two EOP-derived series suggesting that the MOT NCEP ECCO and MOT ECMWF OMCT models agree well with each other when it comes to model effects of winds and currents on χ 2 (i.e. the component from which S 21 is derived). This is verified by a correlation coefficient of 0.98 between both EOP-derived S 21 series, and by an rms value of 1.34 × 10 −11 , which confirms that we have an excellent agreement between these two series. For C 20 and C 21 , the correlation between the two EOP-derived series is 0.84 and 0.78, respectively, while the rms values are 5.98 × 10 −11 and 1.82 × 10 −11 . Thus, for each coefficient, the two EOP-derived series generally agree well with each other, in particular the difference between these two series might be smaller than the difference between the series from GRACE, SLR and the model. We thus conclude that both considered motion models do a reasonable job, although the coefficients we derived from EOP res ECMWF+OMCT agree slightly better with the independent degree-2 estimates, as compared to those from EOP res NCEP+ECCO . This is particularly true for comparisons with the loading model and the SLR data. The GRACE observations of C 21 and S 21 agree better with the EOP res NCEP+ECCO -derived series, but only to a very small extent.
Comparison at the annual and semiannual periods
To compare the computed coefficients at the annual and semiannual periods, we estimate amplitudes and phases of annual and semiannual variations from each series of coefficients using unweighted least squares. The results are given in Table 3 . In Table 3 , the phase is given in degrees and defined as φ in cos [σ (t − t 0 ) − φ], where σ is the annual or semiannual frequency and t 0 refers to January 1. The listed uncertainties are standard errors, obtained by using the sum of squares of the postfit residuals to compute an (unbiased) estimate of the variance of unit weight. Also shown in Table 3 are the values of EOP-derived degree-2 coefficients from a previous study of Chen & Wilson (2008) that span the period 2002 April-2007 May. These authors used data from NCEP and ECCO for estimating the effects of winds and currents, respectively, so their values cannot be considered as independent from our EOP res NCEP+ECCO -derived values. We emphasize however, that Chen & Wilson (2008) did not take into account the effects of winds from above 10 hPa on LOD excitation. In general, there is a reasonable agreement between their values and our EOP res NCEP+ECCO -derived coefficients, but also some discrepancies. These might result from the different consideration of the topmost winds, or from the fact that Chen & Wilson (2008) used a different EOP series (IERS 05 C04) and a different run of the ECCO model (kf066b). A further possibility is that they represent real variations of the seasonal signals resulting from the different time spans covered by the studies. A deeper investigation of this is however beyond the scope of this study.
Of particular interest are the results for C 20 . We first observe that the annual amplitude of the EOP res ECMWF+OMCT -derived series is small when compared to the independent observations, particularly GRACE and SLR. Recall that EOP-derived C 20 are highly sensitive to errors in the modelled wind fields. Further, the contribution of oceanic currents to LOD changes is extremely small. Thus, the AAM ECMWF model probably overestimates the annual contribution of atmospheric winds to LOD excitation. ECMWF+OMCT -derived C 20 , the annual amplitude is however small when compared to GRACE and SLR. As above, we may conclude from this that the AAM NCEP model (or the model of the upper winds by which we complemented it) overestimates the annual contribution of atmospheric winds to LOD excitation.
The semiannual C 20 amplitude obtained by Chen & Wilson (2008) seems largely overestimated and was already questioned by these authors. Their high value most likely results from the neglect of the upper winds in the atmospheric model, as it is known that these winds have a noticeable effect on LOD variation, particularly at the semiannual period (Gross et al. 2004b; Chen 2005) . By not taking into account the upper winds model from Gross et al. (2004b) in our calculations, we obtain a semiannual EOP res NCEP+ECCO -derived C 20 amplitude of 9.31 × 10 −11 (not shown in the table), in good agreement with the value from Chen & Wilson (2008) . Including these winds thus reduces over half of the semiannual amplitude and greatly improves the agreement with the values from the other sources. This clearly demonstrates the importance of accurate and updated models of the topmost atmospheric winds.
A closer look at the results for C 21 reveals good agreement for the annual amplitudes, and a reasonable agreement for the annual phases. The EOP res NCEP+ECCO -derived series seems however slightly out of phase, in particular when compared to SLR and the model. We further observe a high agreement for the semiannual variations as estimated from EOP res ECMWF+OMCT , GRACE and SLR. The semiannual amplitude of the EOP res NCEP+ECCO -derived series and the model seem however slightly underestimated, and there are some discrepancies between their phase values.
For S 21 , we observe very good results, and all annual and semiannual variations agree well. The level of agreement between the different S 21 series that we found in the previous section from statistical analyses is thus supported at the annual and semiannual period.
It is apparent, that the annual and semiannual amplitudes for S 21 are much higher than the corresponding amplitudes for C 21 . This has already been observed in previous studies (e.g. Chen et al. 2000; Gross et al. 2004a; Chen & Wilson 2008) , and is also visible in Fig. 4 . From eq. (3), it is clear that a higher seasonal variation of S 21 (as compared to C 21 ) is equivalent to a higher seasonal variation of χ is generally attributed to the different degree of sensitivity of C 21 and S 21 to mass changes over continental and oceanic areas, that results from the different value distribution of the two degree-2 order-1 spherical harmonic functions (e.g. Chen et al. 2000 Chen et al. , 2012 Chen & Wilson 2003) . As can bee seen in Fig. 5 , the regions where the 'sine term' (which is related to S 21 ) attains minima and maxima are largely over land (mainly Eurasia and North America) while they are mostly over oceans for the 'cosine term' (which is related to C 21 ). This leads to a higher sensitivity of S 21 to mass changes over land, while C 21 is more sensitive to mass changes over the oceans. We know that atmospheric pressure change is the most significant seasonal force driving χ mass 1 and χ mass 2 Dobslaw et al. 2010; Chen et al. 2012) . The changes in atmospheric pressure over the oceans are mostly cancelled by the IB effect that lead to a larger seasonal mass load over land and thus to a stronger seasonal variation in χ mass 2 and S 21 .
S U M M A RY A N D C O N C L U S I O N
We use two different models to remove the effects of atmospheric winds and oceanic currents from observed EOP excitations. The first model is a combination of atmospheric NCEP data, complemented by an empirical model of the topmost winds, and oceanic ECCO data; the second model combines ECMWF and OMCT data. For each model, we convert the residual EOP excitations to estimated changes in the degree-2 Stokes coefficients C 20 , C 21 and S 21 for the period 2003 January-2012 April. We compare these two sets of EOP-derived degree-2 coefficients to independent degree-2 observations from GRACE, SLR and a loading model. We find that for each of the coefficients both EOP-derived series agree well with the independent series, indicating that both considered models do a good job. Our statistical analyses demonstrate that for C 20 and C 21 , the agreement is higher for the series derived using the ECMWF+OMCT model than in the case where we use the NCEP+ECCO model. For S 21 , all our estimates agree remarkably well and we do not observe a significant difference between the two EOP-derived S 21 coefficients. We conclude that compared to the NCEP+ECCO model, the ECMWF+OMCT model does a slightly better overall job in removing motion effects of winds and currents from observed excitations. This is of particular interest, since previous studies of this kind extensively used the NCEP+ECCO model for removing the motion effects on EOP excitations.
We further compare the two sets of EOP-derived degree-2 coefficients to the independent estimates at the annual and semiannual period. For C 21 , and in particular for S 21 , both models seem to do a good job with regard to annual and semiannual variations, as we generally observe good agreement between the different series.
The results for C 20 show slightly higher variability. In particular, we obtain that the annual amplitude of the two EOP-derived C 20 coefficients seems to be underestimated as compared to GRACE and SLR, which is likely the result of inadequately modelled wind fields. We further evidence the importance of the topmost atmospheric winds, in particular when recovering the semiannual signals in C 20 . The quality of EOP-derived C 20 will probably increase as more accurate models of these upper wind fields become available.
This study supports previous work that demonstrates that it is possible to derive degree-2 Stokes coefficients from Earth rotation data. To get reliable degree-2 estimates from EOP excitation, it is however crucial that atmospheric winds and oceanic currents are accurately modelled and removed from the observed excitations, particularly when considering C 20 as this coefficient is highly sensitive to uncertainties in wind models. While previous studies almost exclusively used a model from the IERS combining NCEP+ECCO data for this purpose, we additionally use a model available from the GFZ German Research Centre for Geosciences and consisting of ECMWF+OMCT data. We show that this latter model is similar in quality to NCEP+ECCO and that the resulting EOP-derived degree-2 coefficients are in good agreement with independent degree-2 observations from GRACE, SLR and a geophysical loading model. However, we also find that there are still some discrepancies between EOP-derived coefficients and the independent observations. As atmospheric and oceanic models evolve, the quality of the EOP-derived degree-2 coefficients will improve and they will provide a reliable data source that we can use to validate degree-2 observations from independent techniques such as GRACE or SLR.
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